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SUMMARY 


This  memo  presents  a  set  of  design  rules  for  the  thickness  and  doping 
levels  of  the  various  layers  of  a  modulation  doped  heterojunction. 

It  is  shown  how  to  optimise  the  heterostructure  so  that  there  is  no 
parasitic  parallel  conduction  and  for  the  maximum  low  temperature 
mobility. 
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1  INTRODUCTION 

The  technique  of  modulation  doping  consists  of  doping  the  wider  bandgap 
side  of  a  semiconductor  heterojunction.  Some  of  the  free  electrons  created  by 
the  doping  fall  into  the  narrow  bandgap  semiconductor  where  they  form  a  two- 
dimensional  electron  gas  (2DEG)  which  is  only  free  to  move  in  the  plane  of  the 
heterojunction.  These  free  electrons  are  physically  separated  from  their 
parent  donors  so  that  the  reduction  in  mobility  and  peak  velocity  normally 
associated  with  increasing  the  doping  do  not  occur.  The  three  commonest 
materials  systems  where  this  technique  is  employed  are,  (with  the  wide  bandgap 
material  mentioned  first)  AlxGai_xAs/GaAs,  InP/Ino.47Gao.53As  and  AlQ.4gIno.52 
As/InO'^GaQ^As.  The  first  mentioned  system  is  grown  on  GaAs  substrates  and 
the  latter  two  on  In?. 

There  exists  a  large  literature  on  the  properties  of  modulation  doped 
heterojunctiona,  especially  the  AlGaAs/GaAs  system(D-(8).  Most  of  the 
publications  consist  of  short  letters  and  there  is  as  yet  a  shortage  of  review 
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articles  on  this  subject.  The  purpose  of  this  Memorandum  is  to  present  the 
results  of  some  calculations  of  the  electric  potentials,  carrier  densities, 
and  nobilities  in  modulation  doped  heterostructures.  The  mobility  calculations 
are  taken  directly  from  the  literature9* 10  but  the  results  are  presented  in 
numerical  and  graphical,  rather  than  algebraic  form  so  that  the  effects  of 
changing  parameters  in  the  heterostructure  will  be  more  immediately  apparent. 
Although  there  is  some  disagreement  between  various  authors  on  the  absolute 
values  of  the  mobility  limits  due  to  each  scattering  mechanism  the  manner  in 
which  these  vary  with  parameters  such  as  the  2D  electron  density,  is  the 
subject  of  much  closer  agreement.  Thus,  the  absolute  values  for  mobilities 
quoted  later  in  this  paper  should  be  treated  with  some  caution.  However, 
the  general  trends  associated  with  changing  a  particular  parameter  can  be 
regarded  as  much  more  reliable. 

2  POTENTIAL  PROFILES 

Figure  la  shows  the  structure  of  a  typical  modulation  doped  heterojunc¬ 
tion  (MDH).  The  substrate  is  semi-insulating  GaAs.  A  layer  of  GaAs  approxi¬ 
mately  1  Pm  thick  is  grown  first.  This  is  followed  by  an  undoped  AlGaAs 
spacer,  the  doped  AlGaAs  layer  and  then  a  GaAs  cap  which  protects  the  AlGaAs 
from  atmospheric  attack.  The  spacer  layer  increases  the  separation  of  the 
free  electrons  from  their  parent  donors  and  thereby  reduces  the  remote  ionised 
impurity  scattering. 

Figure  lb  shows  the  electric  potential  within  an  MDH.  Some  of  the  elec¬ 
trons  from  the  doped  AlGaAs  fall  into  surface  traps  and  create  a  surface 
depletion  region.  Others  fall  into  the  2DEG  and  create  an  interface  depletion 
region. 
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In  order  to  calculate  the  electric  potential  within  a  heterostructure  a 
computer  programme  capable  of  simultaneously  solving  Poisson's  equation  and 
equations  for  the  net  charge  density  in  a  general  multilayer  system  has  been 
written  by  Dr  P  Tapster. 

Figure  lb  is  a  typical  output  from  this  programme. 

Uhen  designing  an  MDH  the  doping  and  thickness  in  the  AlGaAs  and  the 
spacer  layer  thickness  must  be  chosen  so  that  there  is  no  parasitic  conduction 
in  the  AlxGai-xAs.  (This  has  deleterious  effects  on  the  performance  of  such 
structuresll*1^.)  Conversely,  the  thickness  of  the  doped  AlGaAs  must  be  the 
maximum  possible  for  a  particular  doping  level  in  the  AlxGa^_xAs  if  the 
density  of  the  2DEG  is  to  be  maximised.  Figure  2  shows  the  maximum  possible 
thickness  of  the  AlGaAs  for  various  doping  densities. 

We  have  also  calculated  the  variation  of  the  density  of  the  2DEG  (N2deg) 
with  doping  density  in  the  AlxGa^_xAs  and  the  spacer  layer  thickness  (with  the 
assumption  that  the  AlxGaj_xAs  thickness  is  chosen  so  that  there  is  no  parallel 
conduction,  but  only  just).  Figures  3a  and  3b  show  the  calculated  values  of 
N2DEG*  As  expected,  N2deg  increases  with  increased  doping  of  the  AlGaAs  and 
decreases  with  increased  spacer  thickness. 

It  is,  however,  interesting  to  note  that  N2deg  is  almost  independent  of 
^AlGaAs  when  the  spacer  layer  thickness  is  greater  than  "  300  A. 

3  MOBILITIES 

The  main  reason  for  employing  modulation  doped  heterostructures  is  the 
enhancement  in  mobility  that  can  be  obtained  whilst  maintaining  a  high  carrier 
density.  This  improvement  occurs  for  two  reasons: 

1.  The  carriers  are  separated  from  their  parent  donors  which  eliminates 

the  degradation  in  electrical  properties  normally  associated  with  heavy 


4 


doping 


ii.  The  electron  gas  is  degenerate  (i.e.  the  Fermi  energy  lies  in  the 

conduction  band). 

The  scattering  mechanisms  which  determine  the  mobilities  are  essentially 
the  same  as  those  which  apply  in  a  bulk  semiconductor.  However,  allowance 
must  be  made  for  the  two  dimensional  nature  of  the  conduction  band  and  for 
the  degeneracy.  The  mechanisms  are: 

i.  Optical  photon  scattering. 

ii.  Ionised  impurity  scattering  (both  remote  impurity  scattering  by 
donor  cores  in  the  AlGaAs  and  residual  impurity  scattering  by 
background  impurities  in  the  GaAs). 

ill.  Acoustic  (deformation  potential  and  piezoelectric)  phonon  scattering. 

Figure  4  shows  the  variation  of  the  total  mobility  and  the  component 
contributions  over  the  temperature  range  0-300K.  The  calculations  use  results 
given  in  references  9  and  10.  These  should  be  consulted  for  details  of  the 
calculations.  The  expressions  used  for  the  mobility  limits  imposed  by  each 
scattering  mechanism  are  given  in  the  Appendix. 

Optic  phonon  scattering  dominates  at  room  temperature  and  according  to 
(9)  the  mobility  limit  for  this  mechanism  is  very  close  to  that  found  in 

r 

a  bulk  semiconductor.  The  optic  phonon  energy  in  GaAs  corresponds  to  a 
temperature  of  approximately  410K  and  the  number  of  these  phonons  present 
therefore  decreases  rapidly  as  the  temperature  drops  below  300K,  giving  rise 
to  an  increase  in  the  mobility.  Other  scattering  mechanisms,  particularly 
ionised  impurity  scattering,  become  significant  below  ~  100K  and  optic  phonon 
scattering  can  be  disregarded  below  -  60K. 
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The  total  cross-section  for  ionised  impurity  scattering  varies  approxi¬ 
mately  as  the  inverse  square  of  the  energy  of  the  scattered  electrons.  In  a 
degenerate  2DEG  the  relevant  energy  is  the  Fermi  energy,  which  is  only  weakly 
temperature  dependent,  so  that  the  effects  of  ionised  impurity  scattering  are 
almost  temperature  independent.  (In  a  non-degenerate  bulk  semiconductor  the 
appropriate  energy  is  the  thermal  energy  3/2  kT,  so  that  the  electron  mobility 
increases  with  temperature  over  the  range  0  to  ~  80K  where  ionised  impurity 
scattering  is  dominant.) 

However,  in  a  degenerate  2DEG  the  Fermi  energy  is  proportional  to  the 
electron  density  when  only  one  sub-band  is  occupied.  The  mobility  will 
therefore  increase  with  carrier  density,  for  a  fixed  distribution  of 
scatterers. 

Deformation  potential  and  piezoelectric  phonon  scattering  become  signifi¬ 
cant  below  60K.  The  decrease  in  the  number  of  these  phonons  present  is 
responsible  for  the  increase  in  the  mobility  as  the  temperature  decreases 
below  ~  60K.  When  the  background  impurity  density  is  greater  than  2-3  x  10^ 
cm”3  in  the  GaAs  the  limit  on  the  mobility  imposed  by  residual  ionised 
scattering  is  much  lower  than  that  imposed  by  acoustic  phonon  scattering  and 
this  mode  is  almost  insignificant. 

We  have  performed  self  consistent  calculations  of  the  mobility  of  the 
2DEG  at  low  temperatures  for  various  structural  parameters  of  the  hetero- 
junction  with  the  aim  of  optimising  the  mobility  for  different  values  of 
AlxGaj.xAs  doping  and  background  impurity  levels.  (At  room  temperature  optic 
phonon  scattering  sets  the  mobility  to  a  value  essentially  independent  of 
carrier  density.) 

The  variation  of  electron  mobility  with  spacer  thickness  for  an  AlxGai_xAs 
doping  level  of  10*®  cm"®  is  shown  in  Figure  5.  The  initial  increase  in 
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mobility  with  spacer  thickness  is  due  to  the  decrease  in  the  strength  of  the 
remote  ionised  impurity  scattering  as  the  donor  cores  are  separated  from  the 
electrons.  However,  increasing  the  spacer  thickness  reduces  the  density  of 
the  2DEG  (Figure  3)  which  tends  to  reduce  the  mobility  (see  above).  An 
increase  in  mobility  with  spacer  layer  thickness  will  only  be  obtained  when 
the  increased  separation  of  the  impurities  and  the  2DEG  more  than  compensates 
for  the  effects  of  the  reduction  in  the  density  of  the  2DEG,  i.e.  when  remote 
impurity  scattering  is  more  significant  than  background  impurity  scattering. 
When  the  doping  density  in  the  AlGaAs  is  10*®  cm"®  this  crossover  occurs  at  a 
spacer  thickness  of  170  A  if  the  background  impurity  density  is  10*5  cm-®  and 
at  370  A  if  the  background  is  10*A  cm"®.  Thick  spacers  do  not  result  in  higher 
mobilities  when  the  background  purity  of  the  GaAs  is  poor  (  2  x  10*5  cm-®). 

Figure  4  shows  that  the  best  mobility  possible  at  4.2K  is  ~  3.8  x  10®  cm2/Vs 
with  a  background  impurity  level  of  2  x  10*5  Cm"®.  (These  figures  only  apply 
to  heterojunctions  cooled  in  the  dark.)  Illumination  can  introduce  extra 
carriers  at  the  interface  without  causing  additional  scattering5.  We  will 
not  consider  the  effects  of  illumination  in  any  more  detail  here. 

Figure  6a  shows  the  spacer  thickness  which  gives  the  maximum  mobility  for 
a  range  of  doping  densities  in  the  AlxGa^.xAs.  The  optimum  spacer  thickness 
is  only  a  weak  function  of  the  doping  level,  provided  that  this  is  greater 
than  5  x  10* 2  cm"®.  Figure  6b  shows  the  mobility  which  will  be  obtained  at 
the  optimum  spacer  thickness  as  a  function  of  the  AlGaAs  doping.  Again, 
provided  that  the  doping  is  greater  than  5  x  10* 2  cm"®  only  a  weak  variation 
is  seen. 

4  CONCLUSIONS 

We  have  shown  that  in  order  to  obtain  high  mobilities  in  modulation  doped 
heterojunctions  high  material  purity  is  required  (<  10*4  cm"®  impurities  in 
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the  G«As).  If  this  condition  is  satisfied  then  a  thick  spacer  will  result  in 
a  high  mobility  at  low  temperatures.  If  the  material  purity  is  low  (>  101 5 
cm- high  mobilities  will  not  be  obtained  even  with  thick  spacer  layers. 
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APPENDIX 


THE  MATHEMATICAL  EXPRESSIONS  USED  TO  CALCULATE  THE  CONTRIBUTIONS  TO  THE  TOTAL 
MOBILITY 

These  expressions  are  all  taken  from  reference  10. 

PRELIMINARY  DEFINITIONS 


T 

1<B 

e 

eA 

P 

U* 

«t 

m* 

n2D 

h14 

e 

Nd 

^spacer 

Nr 


is  the  temperature 
is  the  Boltzmann  constant 
is  the  electronic  charge 
is  the  deformation  potential 
is  the  density 

is  the  speed  of  longitudinal  sound  waves 

is  the  speed  of  transverse  sound  waves 

is  the  effective  mass  of  an  electron 

is  the  2D  carrier  density 

is  the  piezoelectric  coupling  constant 

is  the  dielectric  permittivity 

is  the  doping  density  in  the  AlGaAs 

is  the  spacer  layer  thickness 

is  the  background  impurity  density  in  the  GaAs 

is  the  lateral  extent  of  the  2D  wavefunction 

~1/3 

x  55  X  (N^q  in  cm 
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The  material  parameters  used  for  GaAs  in  this  Memorandum  are: 


m* 

- 

0.067 

mo 

“o 

9.11 

X  10-31 

c 

m 

12.9 

eo 

eo 

m 

8.85 

x  10-12  Fm-1 

u£ 

m 

5.24 

x  103  m  s*1 

ut 

m 

3.07 

x  103  m  s 

P 

m 

5.36 

x  10^  kg  m“3 

eA 

m 

11.2 

x  10"19  J 

'14 

m 

1.2  * 

'e 

> 

m 

o 

(7  eV) 


The  mobility  limits  imposed  by  the  various  scattering  mechanisms  are: 
(a)  Polar  Optic  Phonon  Scattering 


M  *  ±  +  JL 

P0  T2 

T  T 


where  A  ■  7.95  x  10®  cm2  V"*  s”*  K~2 

and  B  -  1.18  x  1017  cm2  V'1  s"1  K"6 


for  GaAs 


This  semi-empirical  formula  is  valid  over  the  temperature  range  70-300K 
where  polar  optic  phonon  scattering  is  significant. 

(b)  Deformation  Potential  Scattering 


3  2 

e  pb  Uj  1 

m*2  e2  k  T  IA(y£) 
A  B 


where 


10 


2  -li 


,<v  .  pj  ‘  .] 


2ft  U.  qF 
Yi  -  kBT 


qp  *  (2it  ^21})^ 


and  Uj  «  or  Ut  as  appropriate. 


(c)  Piezoelectric  Scattering 


32  -ft  p  ir  qF 

"*2 « v  *>54 


,W(1JW| 

ut  °t  1 


N.B.  Equation  (25)  of  reference  10  contains  a  printing  error.  Equation 
(A3)  is  derived  from  a  corrected  version  of  this  former  equation. 


(d)  Remote  Impurity  Scattering 


*3  2  3  c2 

64  it  ti  e  q„  S 
hF  o 

3  *2 
e  m* 


(L;2-l-2) 


where 


2e^  m* 
4n  e  h^ 


the  inverse  screening  length 


M  *  Z0  +  d 


space 


L2  -  Li  + 


N.B.  Equation  (12)  of  reference  10  is  incorrect  and  should  be  replaced 
by  equation  (A4)  above.  (Equation  (26)  of  reference  10  is  correct 
even  though  it  is  nominally  derived  from  the  incorrect  equation 
(12).) 
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V 


(e)  Background  Impurity  Scattering 


yBI 


3  2  2 

8n  **  e* 

3  2 

•  -*  «»i 


s 

o 

where  0  •  2^- 

Ib(B)  -  1.26  02  +  2.21  0  0.74 

and  Njji  “  NRZ0 

The  total  mobility  is  given  by  Natthiessen's  rule 


WRI  +  hil  +  *¥o  +  “AC  +  WPE 
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Figure  1 

a  The  Structure  of  a  typical  modulation  doped  heterojunction. 
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b  The  electric  potential  within  a  modulation  doped  heterojunction, 
showing  the  location  of  the  2D  electron  gas. 


Maximum  Thickness  ol  AlGaAs  (A) 


Figure  2 

The  maximum  permissible  thickness  of  AlxGai_xAs  in  a  modulation 
doped  heterojunction  for  less  than  102  parallel  conduction,  i.e. 
for  the  number  of  carriers  in  the  AlgGa^gAs  to  be  ten  times  less 
than  the  number  of  carriers  in  the  2D  gas.  The  error  bars 
represent  the  permissible  variations  in  the  A^xGa^_xAs  thickness 
for  either  a  102  reduction  in  the  density  of  the  2D  electron  gas 
or  an  additional  102  of  parallel  conduction.  (It  is  assumed  that 
there  are  no  deep  donors  in  the  AlGaAs  and  quantum  size  effects 
are  ignored.) 


AlGa  As  doping  (I0,8cm'3) 


Figure  3 

a  The  variation  of  the  2D  electron  carrier  density  with  doping  level  in 
the  AlxGaj-xAs  for  various  spacer  thicknesses, 
b  The  data  of  Figure  3a  replotted  to  show  the  variation  of  2D  carrier 
density  with  spacer  thickness  for  various  doping  densities  in  the 
AlxGai-xAs. 


(It  is  assumed  that  there  are  no  deep  donors  in  the  AlCaAs.) 


Mobility  (cm 


Figure  4 


The  calculated  variation  of  the  2D  electron  mobility  with  temperature, 
showing  both  the  total  mobility  and  the  component  contributions  of 
various  different  scattering  mechanisms. 
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Figure  5 


The  variation  of  2D  electron  nobility  at  4.2K  with  undoped  AlxGal-xAs 
spacer  thickness.  (The  calculation  allows  for  the  change  in  2D  electror 
density  with  spacer  thickness.)  The  calculation  has  been  performed  for 
two  different  values  of  background  impurity  density  in  the  GaAs. 
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Figure  6 

a  The  variation  of  optimum  AlxGai_xAs  spacer  thickness  with  AlxGai_xAs 
doping  level  for  two  different  values  of  background  impurity  levels  in 
the  GaAs. 


b  The  variation  of  the  2D  electron  mobility  at  the  optimum  spacer  thickness 
of  Figure  6a  with  AlxGai_xAs  doping  density. 
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